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interactions	because	 it	 reduces	 the	 range	of	pollen	sources	and	 the	
abundance	and	 species	diversity	of	pollinators	 (Steffan-	Dewenter	&	
Tscharntke,	1999),	which	in	turn	may	lead	to	reduced	gene	flow	and	




success	 is	 strongly	 influenced	 by	 evolutionary	 trade-	offs,	 such	 as	
those	regulating	pollinator	attraction	effort	or	the	number	and	size	of	
seeds	(Haig	&	Westoby,	1988;	Helenurm	&	Schaal,	1996).	Large	seeds	




produced	 in	 larger	numbers	and	are	more	readily	dispersed	 (Harper,	
Lovell,	&	Moore,	1970).	Seed	size	appears	to	be	under	strong	stabi-
lizing	 selection,	 since	 it	 varies	much	 less	 than	vegetative	 structures	




position	 of	 the	 inflorescence,	 and	 position	 of	 the	 flower	within	 the	
inflorescence	(Winn,	1991),	as	well	as	different	combinations	of	these	
factors	(Galen,	Plowright,	&	Thomson,	1985).
By	 far	 the	 largest	 seeds	 in	 the	 plant	 kingdom	 are	 those	 of	 the	
Seychelles	coco	de	mer	Lodoicea maldivica	(J.	F.	Gmel.)	Pers.	(Arecaceae),	
which	may	weigh	as	much	as	18	kg	(fresh	weight;	Figure	1a,c,g).	Not	































or	 in	 small	 groups	 in	 degraded	 shrubland	 habitat	 (Figure	1i)	 usually	







shrubland,	and	 to	determine	 the	main	 factors	 influencing	 this	varia-
tion.	Specifically,	we	asked	the	following	questions:	(1)	“Are	soil	nutri-
ents	associated	with	inflorescence	and	flower	number,	and	fruit	set?”	
(2)	 “What	 is	 the	relationship	between	pollen	availability	and	healthy	
and	abnormal	fruit	production?”	(3)	“What	is	the	relationship	between	
genetic	diversity	and	flower	and	fruit	production?”	and	(4)	“Are	hab-
itat	 fragmentation	 and	 reduced	 adult	 tree	density	 related	 to	 female	




2  | MATERIALS AND METHODS
2.1 | Study area
Lodoicea maldivica	 is	endemic	on	the	 island	of	Praslin	 (37.4	km2) and 
its	 satellite	 island	 Curieuse	 (3.5	km2)	 in	 the	 Republic	 of	 Seychelles.	
Until	 the	 19th	 century,	 dense	monospecific	 stands	 of	 Lodoicea cov-
ered	much	of	the	islands	(Fauvel,	1915).	Today,	relatively	undisturbed	
Lodoicea	 forest	 remains	 only	 in	 protected	 areas	 (Vallée	 de	Mai	 and	
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Fond	Peper	within	Praslin	National	Park,	and	Ravin	de	Fond	Ferdinand	















2.2 | Method for assessing female flower and 
fruit production
In	closed	forest	on	Praslin,	trees	reach	sexual	maturity	when	the	trunk	
is	 about	 4	m	 tall	 (Savage	 &	 Ashton,	 1983;	 estimated	 ca.	 25	years,	
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Blackmore	 et	al.,	 2012),	 although	 in	 open	 sites	 this	 may	 happen	
when	the	trunk	is	shorter.	The	male	trees	bear	one	to	four	long-	lived	
(3–4	months),	 cylindrical	 inflorescences	 up	 to	 90	cm	 long	 that	 pro-
duce	 spirally	 arranged	 clusters	 of	 flowers	 (Figure	1f).	 Female	 plants	
bear	large	lignified	inflorescences	that	are	produced	toward	the	stem	
apex	in	the	axils	of	emerging	leaves	(Figure	1a).	As	each	inflorescence	
grows	 in	 length,	 up	 to	 13	 large	 flowers	 are	 produced	 sequentially	
over	 a	 period	 of	 three	 to	 four	 weeks	 (C.	 Kaiser-	Bunbury	 personal	
observation;	Figure	1e).	After	pollination,	ovules	expand	rapidly	over	
5–6	months	 to	 reach	 their	 final	 size,	 and	 then	develop	 into	mature	
seeds	over	a	period	of	6–7	years.	Each	seed	is	surrounded	by	a	hard	




few	 (0.03%)	 contain	 three	 (N =	307,	own	data,	 trees	on	Praslin	 and	
Curieuse).	Unfertilized	ovules	become	lignified	and	persist	as	promi-
nent,	 hemispherical	 lumps	 on	 the	 inflorescence.	 Some	 fruits	 fail	 to	
develop	normally,	being	narrow	and	elongated	in	shape	(Figure	1b,d),	


























bers	 of	 undeveloped	 ovules,	 developing	 fruits,	 abnormal	 fruits,	 and	





To	 test	whether	pollen	availability	 and	 fruit	production	were	 re-
lated,	we	 recorded	 for	each	 female	 tree	 the	distance	 to	 the	nearest	
male	Lodoicea,	 and	 the	 total	number	of	males	within	a	10	m	 radius.	
F IGURE  2 Locations	of	the	sites	of	


















timate;	 Savage	 &	Ashton,	 1983),	 making	 it	 unlikely	 that	 adult	 male	
densities	would	 have	 changed	 greatly	 during	 the	 seven-	year	 period	
covered	by	our	data.	The	number	of	 flowering	catkins	per	male	 (re-
corded	between	May	and	July	2014)	ranged	from	0	to	4	(mean	±	SD: 
0.67	±	0.03;	 N	=	320).	 Using	 12	 microsatellite	 loci	 developed	 by	
Morgan	et	al.	 (2016),	we	determined	the	genotypes	of	all	females	in	




2.4 | Soil nutrient status around female trees









































Pairwise	 correlations	were	 used	 to	 determine	 the	 relationships	 be-
tween	response	variables	and	potential	predictors	prior	to	inclusion	in	
the	models.	We	used	five	different	Generalized	Linear	Models	(GLMs)	






2.5.1 | Inflorescence and flower production
To	 test	 the	 influence	 of	 soil	 nutrients,	 pH,	 MLH,	 and	 vegetation	
type	on	 the	production	of	 inflorescences	and	 flowers,	we	modeled	
inflorescence	 and	 flower	 number	 as	 a	 function	of	 the	main	 effects	
N,	P,	K,	pH,	MLH,	 and	vegetation	 type	 (dense	closed	 forest	or	de-
graded	shrubland),	along	with	the	following	two-	way	interactions	in	















zero-	inflated),	 we	 first	 ran	 a	 binary	 model	 (i.e.,	 fruit-	setting	 prob-
ability),	modeling	the	occurrence	of	successes	(fruits	>	0)	and	failures	
(fruits	=	0),	 followed	 by	 a	 “proportional”	 model	 (i.e.,	 fruit	 set	 size)	
on	non-	zero	data.	 For	 the	binary	model	we	used	 a	GLM	with	 a	bi-
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number	 of	 males	 within	 10	m	×	MLH,	 and	 vegetation	 type	×	MLH.	
The	data	on	abnormal	 fruits	were	modeled	using	 the	occurrence	of	
successes	 (abnormal	 fruits	>	0)	 and	 failures	 (abnormal	 fruits	=	0)	 as-







models	we	used	the	 function	MuMIn::QAIC()	 (Barton,	2016)	 for	model	







similar	numbers	of	 inflorescences	per	 tree	 (range	1–15,	 t55	=	0.309,	
p =	.76)	 and	 flowers	 per	 inflorescence	 (range	 2.4–9.1,	 t55	=	0.591,	











Variable N Mean (SD) Range
Correlation coefficient
Inflorescence no. Flower no. Fruit no. % fruit set
Available	N	(μg N/g/day) 56 4.90	(6.31) 0.46–28.79 0.317 0.381** 0.002 −0.090
Soil	P	(μg	P/g	dry	soil) 52 3.72	(3.20) 0.31–14.99 0.315 0.196 0.164 0.126
Soil	K	(μg	K/g	dry	soil) 52 129.35	(97.92) 31.00–509.05 0.370 0.235 0.241 0.166
Soil	pH 52 4.93	(0.43) 3.76–6.34 0.267 0.158 0.094 0.069
Distance	to	nearest	male	(m) 57 28.06	(34.87) 0.4–159 0.066 0.159 −0.483*** −0.529****
No.	males	≤	10	m 57 0.93	(1.69) 0–9 −0.143 −0.240 0.465*** 0.533****






shrubland (N = 18)
Overall 
(N = 57)
No.	of	inflorescences 6.97	(3.00) 6.78	(2.56) 6.91	(2.85)
No.	of	flowers	(all)/	inflorescence 5.26	(1.77) 4.95	(0.04) 5.16	(1.66)
No.	of	flowers	(all)/	tree 39.62	(28.14) 35.72	(21.00) 38.39	(25.97)
No.	of	undeveloped	ovules/tree 31.92	(24.99) 31.06	(17.68) 31.65	(22.78)
No.	of	fruits	(all)/	tree 6.18	(7.27) 0.72	(1.02) 4.46	(6.54)
No.	of	developing	fruits/tree 5.62	(6.80) 0.61	(1.04) 4.04	(6.10)
No.	of	fallen	immature	fruits/tree 0.36	(1.14) 0.00	(0.00) 0.25	(0.95)
No.	of	fallen	mature	fruits/tree 0.15	(0.43) 0.06	(0.24) 0.12	(0.38)
Fruit	set 0.21	(0.19) 0.03	(0.04) 0.16	(0.18)

























only	4%	of	 inflorescences	had	 scars	 indicating	 the	 former	presence	































shrubland	 (Table	4).	 The	 probability	 of	 bearing	 abnormal	 fruits	 in-
creased	with	distance	from	the	nearest	male	(Table	3f).	Inflorescences	
with	 abnormal	 fruits	 bore	 markedly	 more	 fruits	 (up	 to	 9	 abnormal	
fruits	per	inflorescence,	often	a	mixture	of	normal	and	abnormal)	than	
inflorescences	with	only	normal	fruits.
3.4 | Seed size and mass
Seeds	 varied	 greatly	 in	 size.	 Seeds	 collected	 over	 a	 4-	year	 pe-
riod	 showed	 a	 16.3-	fold	 range	 in	 fresh	weight,	 from	1.04	 to	 18	kg	
(mean	±	SD:	 8.50	±	2.39	kg;	 N	=	2415,	 Figure	4).	 Seed	 length	




4.1 | Effects of soil nutrient and pollen availability
Our	 study	 shows	 that	both	 soil	 nutrient	 and	pollen	 availability	 in-
fluence	 the	 reproductive	performance	of	Lodoicea	 growing	on	 the	
nutrient-	poor	soils	in	its	native	habitat	on	the	island	of	Praslin.	Soil	N	
and	K	availabilities	limit	the	total	numbers	of	female	inflorescences	




ously	 unknown.	 In	 other	 palm	 species,	 including	 the	 economically	
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We	 found	 no	 evidence	 that	 either	 flower	 or	 fruit	 production	
was	 affected	 by	 genetic	 diversity	 of	 female	 trees.	The	 effects	 of	
genetic	diversity	on	plant	fecundity	are	largely	unknown,	although	
heterozygosity	has	been	shown	to	correlate	with	growth	rates	and	
survival	 in	 some	 species	 (Breed	 et	al.,	 2012;	 Nutt	 et	al.,	 2017).	
Inbreeding	 and	 outbreeding	 were	 not	 directly	 measured	 in	 our	
study,	mainly	 because	 it	 takes	 as	 long	 as	 a	 decade	 from	 pollina-
tion	 to	 the	production	of	 the	 first	 leaf.	Based	on	 the	outcome	of	











lination	 limitation.	 Several	 nonmutually	 exclusive	 hypotheses	 could	
explain	 the	 presence	 of	 abnormal	 fruits,	 including:	 parthenocarpy	
(i.e.,	the	development	of	unfertilized	fruit,	which	may	or	may	not	have	
been	 pollinated	 or	 otherwise	 stimulated	 to	 grow)	 due	 to	 a	 genetic	
TABLE  3 Final	GLM	models	for	female	Lodoicea maldivica	fecundity
Estimate SE z value Pr(>|z|)
(a)	Response:	inflorescence	number
Intercept 1.6789 0.0988 16.998 <2e-	16***
N 0.0121 0.0077 1.577 0.1148




Intercept 3.2506 0.1483 21.924 <2e-	16***
N 0.0209 0.0125 1.672 0.0944	.




Intercept 2.1691 0.5278 4.110 3.96e-	05***








Intercept −0.64972 0.2258 −2.878 0.00639**
Distance	to	nearest	male −0.0690 0.0182 −3.781 0.00051***
Degraded	shrubland −2.1272 0.8579 −2.596 0.01312*
Distance	to	nearest	male	×	degraded	shrubland 0.0624 0.0214 2.920 0.00573**
Null deviance: 273.27 on 43 df ΔQAICc	(full	&	final):	9.1
Residual	deviance:	134.99	on	40	df ΔQAICc	(penultimate	&	final):	1.9
(f)	Response:	Presence	of	abnormal	fruit(s)
Intercept −2.2305 0.4968 −4.490 3.69e-	05***
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effect	 (Gorguet	et	al.,	2008),	or	stenospermocarpy	(i.e.,	the	abortion	
of	 fruit	after	 fertilization	of	 the	ovule)	due	to	disease	 (Berry,	1960),	
or	inadequate	resources	(Lloyd,	1980).	Alternatively,	pollen	received	
by	 females	 could	 have	been	 too	 closely	 or	 too	distantly	 related,	 or	
otherwise	incompatible.	Abnormal	fruits	never	developed	when	suf-
ficient,	mixed	and	fresh	pollen	was	applied	by	hand	to	viable	female	
flowers	 in	 Fond	 Ferdinand	 (Terence	Payet,	 pers.	 comm.,	 Seychelles	












4.3 | Regulation of fruit numbers
In	addition	to	the	effects	of	nutrient	and	pollen	availability	upon	fruit	
production,	our	data	suggest	that	following	pollination	Lodoicea	may	








a	 fruit	 rather	 than	amongst	 flowers	within	an	 inflorescence	 (Mohan	
Raju,	Uma	Shaanker,	&	Ganeshaiah,	1996;	Teixeira,	Pereira,	&	Ranga,	
2006).









many	as	nine	 fruits.	A	 similar	 effect	 has	been	 reported	 for	 seedless	
cucumbers	(Denna,	1973).
4.4 | Variation in seed size
Lodoicea	 exhibits	 great	 plasticity	 in	 seed	 size,	which	 appears	 to	 ex-
ceed	 that	 of	 any	 other	 palm	 (Moegenburg,	 1996)	 or	 plant	 species	
(Thompson,	 1984).	 One	 reason	 could	 be	 the	 large	 variation	 in	 the	








































+ 42.86%	(3) 57.14%	(4) 100%
− 93.75%	(30) 6.25%	(2) 100%
Total 84.62%	(33) 15.38%	(6) (39)
Degraded	shrublandb
+ 54.55%	(6) 45.45%	(5) 100%
− 42.86%	(3) 57.14%	(4) 100%
Total 50.00%	(9) 50.00%	(9) (18)
aTwo-	tailed	exact	test	p	=	.006.
bTwo-	tailed	exact	test	p = 1.
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produce	 its	 seeds.	 Such	an	effect	of	nutrient	 availability	upon	 seed	








5  | DOES ANTHROPOGENIC HABITAT 
DISTURBANCE INFLUENCE FEMALE 
REPRODUCTIVE SUCCESS?
Anthropogenic	forest	degradation	appears	to	have	no	effect	on	the	








tion	 of	 pollinators	 (Haig	&	Westoby,	 1988),	 the	 reduced	 reliance	
on	pollinators	(Lloyd,	1974)	or	the	evolution	of	sexual	reproductive	
traits	(e.g.,	monoecy).	Lodoicea	has	certainly	evolved	extraordinary	
sexual	 dimorphism,	with	 a	 high	 reliance	 on	 pollinators	with	 small	
home	ranges,	suggesting	that	the	recently	reduced	and	fragmented	
Lodoicea	 populations	 (Lionnet,	 1976)	 are	 little	 resilient	 to	 man-	
made	habitat	degradation	and	population	thinning.	Fragmentation	
caused	by	forest	clearance	and	fires	not	only	reduced	the	numbers	
and	 densities	 of	 reproductive	 adults,	 but	 also	 adversely	 affected	
Lodoicea’s	 pollinators,	 some	 of	 which	 are	 habitat-	endemics	 to	
Lodoicea	forests.
6  | MANAGEMENT RECOMMENDATIONS
Our	 results	 suggest	 that	 the	 first	 aim	 of	management	 should	 be	
to	 restore	 closed	 Lodoicea	 forest	 conditions	 wherever	 possible,	
as	 females	produce	more	 fruits	 and	 fewer	 abnormal	 fruits	under	
these	 conditions.	 Therefore,	 fruit	 should	 not	 be	 collected	 and	





that	monodominant	 forests	such	as	 those	of	Lodoicea could only 
have	evolved	under	relatively	stable	conditions	over	a	very	long-	
time	period	(Hart,	Hart,	&	Murphy,	1989)	and	thus	are	likely	to	be	
particularly	 sensitive	 to	 ecological	 perturbations.	 Fragmentation	
of	 these	 forests,	 which	 can	 result	 in	 reduced	 female	 fecundity,	
may	have	important	evolutionary	consequences,	as	the	processes	
maintaining	 the	 species’	 dominance	 are	 disrupted.	 Future	 con-
trolled	 pollination	 experiments	will	 be	 highly	 relevant	 in	 guiding	
management	strategies,	and	understanding	the	role	of	pollinators	
and	relatedness	 levels	of	parent	 trees	 in	 fruit	and	abnormal	 fruit	
production.
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The	 salicylate	 reagent	 solution	 to	 assay	 for	NH+
4
	 was	 prepared	 by	
adding	0.05	g	sodium	nitroprusside,	13	g	sodium	salicylate,	10	g	so-















About	 1,000	µl	 reagent	 was	 added	 to	 45	µl	 sample	 in	 cuvets.	
Absorbencies	were	read	at	540	nm	after	6	h,	and	regressed	against	
standard	solutions	(0–30	ppm;	VWR	International	GmbH).	Sample	
filtrates	 were	 also	 diluted	 when	 necessary.	 N	 adsorption	 rates	
were	 calculated	 (µg	 N/g	 resin/day;	 hereafter	 referred	 to	 as	 N),	
using	 the	means	of	 the	0.5	and	1	m	sampling	distances	 from	 the	
females.
